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Background !
Utilization of available resources is important to minimize the need for costly resupply from Earth. Currently the 
oxygen reclaiming Sabatier system on the ISS reacts CO2 and H2 to form H2O and CH4. The water is recycled 
back into the ISS system, but the methane is vented into space as waste. One potential use for this methane is as 
a carbon substrate for a biological production platform such as the methylotrophic yeast, Pichia pastoris. P. 
pastoris is a well-established synthetic biology platform and its native methanol metabolism is one enzymatic step 
away from metabolizing methane. In methanotrophic bacteria that step is carried out by methane monooxygenases 
(MMOs), which oxidize methane to methanol. In this project, we have attempted to engineer methane metabolism 
into P. pastoris by expressing a bacterial MMO system. !
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Results   !
Engineering P. pastoris to metabolize methane offers one way to utilize currently wasted methane. To 
engineer P. pastoris we have created new engineering tools including promoters to work in P. pastoris and 
shown that they are functional based on their ability to drive expression of RFP. Preliminary data suggests 
that P. pastoris is capable of expressing MMOH, but further testing needs to be done to confirm expression 
and functionality. While completing this testing we are also moving forward with engineering expression of 
other proteins in the MMO system, with the goal of ultimately growing engineered P. pastoris on a methane 
substrate for functional testing. !
kDa) subunits are arranged as an α2β2γ2 dimer composed
mainly of α-helices except for two β hairpins in the α and γ
subunits (Figure 2A). The dimer interface involves interactions
between the α and β subunits, and a canyon region formed by
Figure 1. sMMO and pMMO operons.
Table 1. MMO Structures
resolution
(Å)
PDB
code
Methylococcus capsulatus (Bath) MMOH (hydroxylase)
oxidized 4 °C 2.20 1MMO
oxidized 1.96 1FZ1
oxidized 1.70 1MTY
reduced in crystal 2.15 1FYZ
anaerobically grown reduced 2.40 1FZ5
mixed valence, reduced in crystal 2.15 1FZ2
anaerobically grown mixed valence 2.07 1FZ0
methanol soaked 2.05 1FZ6
ethanol soaked 1.96 1FZ7
Xe pressurized 3.30 1FZI
Xe pressurized 2.60 1FZH
dibromomethane grown 2.10 1FZ8
iodoethane grown 2.30 1FZ9
pH 8.5 soaked 2.38 1FZ4
pH 6.2 soaked 2.03 1FZ3
Mn(II) soaked 2.32 1XMF
apo (metal free) 2.10 1XMG
Co(II) reconstituted 2.32 1XMH
phenol soaked 1.96 1XU5
6-bromohexanol soaked 1.80 1XVB
8-bromooctanol soaked 2.00 1XVC
4-ﬂuorophenol soaked 2.30 1XVD
3-bromo-3-butenol soaked 2.40 1XVE
chloropropanol soaked 2.00 1XVF
bromoethanol soaked 1.96 1XVG
bromophenol soaked 2.30 1XU3
Methylosinus trichosporium OB3b MMOH (hydroxylase)
oxidized 2.00 1MHY
oxidized 2.70 1MHZ
MMOB, MMOC, and Protein−Protein Complexes
M. capsulatus (Bath) MMOB NMR 1CKV
M. trichosporium OB3b MMOB NMR 2MOB
M. capsulatus (Bath) MMOC [2Fe-2S] domain
NMR
1JQ4
M. capsulatus (Bath) MMOC FAD/NADH binding
domain NMR
1TVC
M. capsulatus (Bath) MMOH-MMOB complex 2.90 4GAM
pMMO
M. capsulatus (Bath) pMMO 2.8 1YEW
M. capsulatus (Bath) pMMO 2.8 3RGBa
M. trichosporium OB3b pMMO 3.9 3CHX
Methylocystis species strain M pMMO 2.68 3RFR
Methylocystis species strain Rockwell pMMO 2.59 4PHZ
Methylocystis species strain Rockwell pMMO Cu(II)
soaked
3.15 4PI0
Methylocystis species strain Rockwell pMMO Zn(II)
soaked
3.33 4PI2
aPDB 3RGB is an improved version of structure 1YEW and should be
used as the M. capsulatus (Bath) pMMO model; 1YEW is obsolete.
Figure 2. Overall architecture of MMOs. (A) The sMMO hydroxylase
(MMOH, PDB accession code 1MTY) with α subunits shown in gray,
β subunits shown in teal, and γ subunits shown in wheat. Each α2β2γ2
dimer contains two diiron active sites (orange spheres). (B) The
pMMO trimer (PDB accession code 3RGB) with pmoB subunits
shown in gray, pmoA subunits shown in teal, and pmoC subunits
shown in wheat. Copper ions are shown as cyan spheres and zinc ions
are shown as gray spheres.
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FIG	1.	On	ISS,	CO2	is	reacted	with	H2.	H2O	
is	recovered	but	CH4	is	lost	to	space.		
The use of enzymes known as methane monooxygenases to
catalyze the oxidation of methane to methanol is a defining
characteristic of methanotrophs. Figure 1 illustrates the me-
tabolism of substrates by methanotrophs, the common features
of their metabolism including the central role of formaldehyde
as an intermediate in catabolism and anabolism, and the
unique pathways employed for the synthesis of intermediates
of central metabolic routes. The two pathways for formalde-
hyde assimilation found in methanotrophic eubacteria are
shown in Fig. 2 and 3. Yeast strains that grow on methanol
utilize another pathway known as the dihydroxyacetone path-
way for formaldehyde assimilation (22, 223).
Methane is the most stable carbon compound in anaerobic
environments and is a very important intermediate in the re-
actions that eventually lead to the mineralization of organic
matter (95). Methane escapes from anaerobic environments to
the atmosphere when it is not oxidized by methanotrophs. The
release of methane to the atmosphere results in an increased
rate of global warming and causes other changes in the chem-
ical composition of the atmosphere (119, 120, 230) that are
described later in this review. So¨hngen in 1906 (356) recog-
nized that methane was produced in large amounts and sug-
gested that the low atmospheric concentrations of this gas were
due to its oxidation by microbes. He isolated the first methane-
oxidizing bacterium and named it Bacillus methanicus. The
oxidation of methane is now known to occur in both aerobic
and anaerobic environments, although little has been pub-
lished about the microbiology or biochemistry of anaerobic
methane oxidation. Bacteria that utilize methane, together
with some chemolithotrophic bacteria, form the base of a food
chain that is independent of photosynthesis near cold gas seeps
and hydrothermal vents in the ocean and perhaps undiscov-
ered terrestrial and freshwater environments (64–66, 70, 128,
129, 183, 224).
FIG. 1. Pathways for the oxidation of methane and assimilation of formaldehyde. Abbreviations: CytC, cytochrome c; FADH, formaldehyde dehydrogenase; FDH,
formate dehydrogenase.
FIG. 2. RuMP pathway for formaldehyde fixation. The reactions catalyzed by the unique enzymes of this pathway, hexulose-6-phosphate synthase and hexulose-
phosphate isomerase, are indicated.
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Sabatier produces methane!
•  The ISS Sabatier system produces 
methane and water from CO2 and H2.!
•  Water is recycled but CH4 is vented to 
space.!
•  CH4 could feed heterotrophic microbes 
for in-space bio-manufacturing. !
Natural methanotrophs have limitations!
•  Natural methanotrophic (consume 
methane) bacteria exist and are being 
developed as microbial factories.!
•  They utilize Methane Monooxygenases 
to hydroxylate methane to methanol.!
•  These microbes have limited 
engineering tools available and 
innovation is relatively slow.!
Pichia pastoris as a synthetic methanotrophic yeas !
•  P. pastoris is well-established 
methylotrophic (consumes methanol) 
yeast!
•  Used to produce Trypsin, murine TNFα, 
and FDA approved drugs Kalbitor and 
Jetrea.!
•  Addition of Methane Monooxygenase 
should allow growth on methane.!
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•  Methane hydr xylati n in bacterial methanotrophs 
is carried out by MMOH, a hexamer of 3 
polypeptides (α, β, ϒ).!
•  MMOR, a reductase s, transfers electron  to 
MMOH and is also required.!
•  MMOB may be important to speed the catalytic 
cycle.!
•  Assembly of MMOH into the correct 3D structure is 
required and may not readily occur outside of 
native host.!
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Balancing MMOH subunit concentration!
•  MMOH subunits are expressed from a single operon in methanotrophic bacteria 
suggesting that balanced subunit concentration is important!
•  To mimic this in P. pastoris we built plasmid where MMOH subunits are expressed on 
a single transcript that includes type 2A “skipping sequences”.!
•  During translation of this transcript the ribosome should skip a peptide bond after the 
2A sequences resulting in 3 polypeptides at equal concentration. !
Soluble fraction!
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Methane monooxygenase expression!
•  Bands corresponding to MMOH subunits were found only in the lane from P. pastoris 
expressing the MMOH plasmid grown on methanol as expected for a gene expressed under a 
methanol induced promoter.!
•  Unexpected bands suggest incomplete skipping by type 2A peptides!
!
Testing minimal system!
•  Expression and assembly of MMOH is 
not optimal.!
•  Regardless, we have created a strain 
containing MMOH and MMOR, which 
contains all components necessary for 
P. pastoris growth on methane.!
•  We can now set up a powerful 
selection for a functional system by 
growing on strain in media containing 
methane as a sole carbon source.!
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